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Abstract 
A method for manufacturing high-temperature CO2 sorbents using TiO2 nanoparticles with calcium aluminate 
carbonates is presented. The sorbents were synthesized by coprecipitation of Ca2+ and Al3+ ions on TiO2 powder by 
Na2CO3/NaOH solution titration. The mechanism may involve dissolution of Ti4+ ions followed by the redeposition 
of calcium titanate over the TiO2 surface. With synthetic Ca–Al–CO3/TiO2 composite as the CO2 sorption material, it 
exhibits high sorption capacity and durable stability at 750°C. Thermogravimetric analysis (TGA) results showed that 
greater than 95% cyclic stability was accomplished after 10 cycles at 750°C. Capturing capacity decreased with a 
high inlet CO2 volume, which was around 55 wt.%, 45 wt.%, and 30 wt.% for 0.05 L/min (TGA), 0.3 L/min (1 kW), 
and 2.0 L/min (10 kW), respectively. In a 10 kW fixed-bed reactor test, the removal ratio was kept at 80% to 90%. 
The reason for the reduction in the deterioration of the sorbent during the multicyclic test could possibly be the 
formation of an anti-sintering compound of CaTiO3 and related calcium aluminate oxides. This Ca–Al–O/TiO2
configuration provides a feasible route for scale-up production of cheap CO2 sorbents. 
© 2014 The Authors. Published by Elsevier  Ltd. 
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1. Introduction 
CaO-based sorbents exhibit the advantages of high CO2 sorption capacity and rapid kinetics in elevated 
temperature ranges, which provides an enriched carbon source for further applications [1–3]. To increase 
the capture capacity of CaO, improvement of cycle stability in the CO2 capture looping procedure is a 
necessary measure. The calcium looping process involves repeatable sorption–desorption steps of CO2
from CaO; thus, anti-sintering study is pertinent for avoiding the deterioration of spent sorbent. The 
stability can be significantly enhanced by incorporating suitable inert particles into the CaO composition, 
yielding oxides well distributed with calcium oxides. For example, titanium oxides have been applied as a 
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binder for fabricating adsorbing materials such as TiO2/nano-CaO [4], CaTi-x/limestone [5], and TiO2/Ca-
LDHs [6].  
The Ca-rich sorbent, calcium aluminate carbonates with a TiO2 binder demonstrated excellent high-
temperature CO2 capture stability in thermogravimetric analysis (TGA) using a 1 kW reactor. However, 
the poor heat transfer will be a serious issue within CaCO3 during the desorption step; therefore, sintering 
are crucial considerations for using of them in a 10 kW fixed-bed reactor. The manufacture of Ca–Al–
CO3/TiO2 material can be achieved in quantities of upto a kilogram for the investigation of CO2 capture 
performance in the scale-up system.  
2. Experimental 
2.1 Synthesis of sorbents 
Reagents of Ca(OAc)2·H2O, Al(NO3)3·9H2O, NaOH, and Na2CO3 were purchased from Merck Co. 
TiO2 powder (Degussa P25) was used as an additive. 
The synthesis procedure involves precipitation of inorganic ions of Ca2+, Al3+ and, CO32– ions under 
alkaline conditions. A cationic solution of Ca2+/Al3+ with a molar ratio of 7:1 or 30:1 was prepared by 
dissolving both chemicals in Di-H2O. For the 30:1 case (Ca30Al1Ti4.43), 22.3 g Ca(OAc)2·H2O and 1.6 g 
Al(NO3)3·9H2O were dissolved in 150 ml H2O stirred to clear Ca/Al solution. After adding 4.43 mol (1.5 
g) of the TiO2 powder into the Ca/Al solution, a precipitate of Ca/Al carbonates was formed by adding 
0.16 mol (12.8 g) NaOH with 0.01 mol (2.12 g) Na2CO3 in a stirred Ca2+/Al3+ solution and then filtering it 
to obtain the Ca:Al:Tix compound. These samples were further calcined at 600°C for producing related 
powders to be used as CO2 sorbents. The characteristics of the surface area, morphology/particle size, and 
crystalline formations of the prepared sample were determined by BET (Quantchrome), SEM (Hitachi), 
and PXRD (Bruker), respectively. 
2.2  CO2 sorption experiment 
In order to test the stability of sorbent with repeat CO2 capture cycles, the sorption experiment was 
conducted at easily sintering conditions such as high temperature and high CO2 concentration. 
TGA was used to investigate the CO2 capture capacity (wt%, g CO2/g sorbent) over sorbents at 750°C 
for 1 h adsorption at 100% CO2 (50 mL/min) and 0.5 h desorption at 100% N2 (50 mL/min) conditions, 
respectively. The repeat cycles of sorption and desorption steps are as follow: 
(Sorption at 100% v/v CO2) CaO + CO2ĺ CaCO3  
(Desorption at 100% v/v N2) CaCO3ĺ CaO + CO2
A fixed-bed reactor was operated at 700°C and ambient pressure conditions. The repeat process of 
sorption and desorption cycles is the same as formula 1 and 2. At the sorption step, the testing gas stream 
was 40% v/v CO2 (N2 balance, 0.3 or 2L/min), which was fed to a 1-inch quartz column packed with the 
adsorbent. After CO2 uptake on the CaO, the passing gas was cooled down as the CO2 volume was 
monitored by a nondispersive infrared (NDIR) detector. The CO2 sorption volume was calculated by 
integrating the volume difference of CO2 (ᇞVCO2) with time, which was based on a 90% breakthrough 
over the outlet of column. The CO2 capacity (g) was estimated by the molar volume at 25°C via an ideal 
gas equation. The CO2 specific absorption W(t) as a function of this cycle was then obtained according to 
the formula: 
3. Results and discussion 
3.1 Characterization of sorbents 
………………………Formula (3) 
………………………Formula (1) 
………………………Formula (2) 
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From Table 1, the BET data indicates that the synthetic sorbents had mesoporous characteristics, 
with a pore size of about 14.6 nm–39.1 nm and a surface area around 9.4 m2/g–14.1 m2/g. The previous 
result showed that the surface area of the Ca–Al–Ti sorbent increased 1.24–1.84 times by 14%–50% TiO2
[7]. In this study, with a 30:1 molar ratio of Ca/Al as the sorbent, the Ti element was merely 0.04 wt.%–
0.15 wt.% if 1.03 mol–4.43 mol TiO2 was incorporated as an additive. In addition, the maximum CaO 
concentration for Ca–Al–CO3 was 95%, which decreased from 78% to 54% with high TiO2 content. 
Capture capacity of CO2 is chiefly influenced by stability of sorbent. With TiO2 as binder, the capacity 
maintain at high level after repeat cycles, therefore alleviating the sintering of CaO.
The XRD patterns demonstrated that the calcination of TiO2/CaCO3 formed the CaTiO3/CaO 
composition. Because the particle size of the titanium nanoparticles (avg. 40 nm) being close to the pore 
range of Ca–Al–CO3, TiO2 almost adheres to the surface. The mechanism may involve the hydrolysis of 
titanium hydroxides under alkaline conditions, which significantly increases the attractive force between 
Ca2+ and Ti(OH)4−. 
Table 1.  Microscopic characteristics of sorbents 
Fig. 1. XRD diagrams of calcined samples.
3.2 Investigation of CO2 sorption capacity 
In Fig. 2(a), the Ca/Al sorbent exhibited a high CO2 capacity of about 77 wt.% in the first cycle. 
However, the weight of the Ca/Al sample quickly decreased to 57% after the 20th cycle implying that this 
sorbent was needed to achieve an improved performance. The TiO2 material cannot easily capture CO2 at 
750°C, thus the sorption weight of the Ca/Al/Ti is less than that of Ca/Al due to the dilution of CaO. The 
weight stayed between 40 wt.%–60 wt.% for all five Ca/Al/Ti sorbents. Stability was further enhanced 
higher than 90% even after 40 cycles, as shown for the Ca30:Al1:Ti1.03 in (b), and the sorption weight was 
largely superior to those of CaO and CaCO3. 
Fig. 2. Multi-cycle CO2 sorption stability tested in TGA at 750°C for (a) 20 cycles and (b) 40 cycles.
Fig. 3. shows that the initial sorption weight was 55 wt.% at the conditions of 0.05 L/min, 100% CO2, 
and 750°C. Capturing capacity decreased with a high inlet CO2 volume. From the TGA to the 10 kW 
scale, the total volume of CO2 had an increment of 16 times whereas the relative stability of 55%. The 
durability of the CO2 sorbent can be improved by embedding these inorganic particles on the Ca/Al lumps. 
As illustrated in Fig. 4, the anti-deterioration of the Ca/Al/Ti sorbent was clearly better than in the Ca/Al 
(a) (b) 
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material. With 90% breakthrough test conditions, the removal ratio was maintained at 80%–90%. From 
their SEM images, crystalline CaTiO3 appeared as a substantial structure as compared with friable Ca–
Al–CO3. 
Fig. 3. CO2 sorption weight change and tested conditions by 7:1 Ca–Al–CO3 in TGA and two reactors. 
Fig. 4. Removal ratio of CO2 by Ca30:Al1 and Ca30:Al1:Ti1.03 in 10 kW reactor. 
4. Conclusions
The Ca–Al–CO3/TiO2 composite can be synthesized by coprecipitation of Ca2+ and Al3+ ions on TiO2
powder by Na2CO3/NaOH solution titration. With the synthetic Ca–Al–Ti compound as the CO2 sorption 
material, it exhibits a high sorption capacity and better than 95% cyclic stability at 750°C in TGA. In the 
reactor test, the capturing capacity decreased with a high inlet CO2 volume, which was around 55 wt.%, 
45 wt.%, and 30 wt.% for 0.05 L/min, 0.3 L/min, and 2.0 L/min, respectively. The durability of the CO2
sorbent can be improved by the embedded inorganic particles on the Ca/Al lumps. Our results showed 
that the removal ratio was maintained at 80%–90% under 90% breakthrough test conditions. Crystalline 
CaTiO3 appeared to be a substantial structure toward achieving an anti-sintering effect as compared with 
friable Ca–Al–CO3. 
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